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Introduction
Metal-organic frameworks (MOFs) have been the subject of extensive recent research activity, owing to the ease with which their porous structures can be modified to suit a range of emerging applications in materials science [1] [2] [3] [4] . The broad range of possible ligand and metal combinations available affords an immense variety of potential materials. Although the attractive properties of many MOFs are inherent features of the parent framework, recent developments have seen the emergence of frameworks which can be functionalized post-synthesis to enhance their properties [5] [6] [7] [8] . Post-synthetic modification (PSM) thus provides an avenue towards imbuing porous frameworks with functional moieties that could not otherwise be incorporated into the MOF structure.
A particularly promising avenue for PSM is the incorporation of new metal complexes within a framework, a process dubbed post-synthetic metalation (PSMet) [5] . Transition-metal complexes anchored into a porous matrix can instil or enhance the performance of the MOF in applications such as catalysis, sensing and gas storage [5] [6] [7] [8] [9] . However, the crystallographic characterization of post-synthetically introduced metal complexes has only been reported in rare cases, limiting the systematic study of metalation processes in MOFs and their role in applications.
To enhance our understanding of the benefits of PSMet processes, we have developed and previously reported 1, a Mn(II)-based MOF featuring accessible bidentate bis-(3,5-dimethylpyrazolyl)methane coordination sites [10] [11] [12] (figure 1). Our previous work has demonstrated that the reaction of 1 with diverse metal complexes results in the PSMet of 1 via the free-bidentate nitrogen donor sites. Metalation is generally quantitative and takes place without significantly compromising crystal quality, thereby facilitating single-crystal X-ray diffraction (SCXRD) analysis of the functionalized frameworks. We have previously reported the characterization of single-crystal to single-crystal transformations within Rh(I) and Co(II) coordinated forms of 1 via X-ray crystallography [13] , highlighting the efficacy of 1 as a platform for the study of bound complexes within the unique environment of the MOF pores.
In MOF 1, the predominant pores extend along the crystallographic c-axis, providing a one-dimensional channel for guest species to access the free-nitrogen donor sites. As the chelating sites project into this open void, they offer an unusual coordination environment for metal complexes in which the close-packing effects associated with discrete solid-state structures are somewhat negated. Indeed, the chelation site is typically surrounded by disordered solvent, giving rise to an environment featuring properties akin to the secondary coordination sphere encountered in a solution environment. Our ability to systematically metalate 1 with a diverse range of species and precisely characterize the resulting products, combined with the wealth of discrete bis(pyrazolyl)methane-based complexes [14] [15] [16] [17] , inspired us to study how the coordination spheres of such metal complexes are influenced by the reaction conditions and the MOF environment. 
Experimental set-up
Unless otherwise stated, all PSMet reactions were carried out in air. The ligand bis(4-(4 -carboxyphenyl)-3,5-dimethyl-pyrazolyl)methane) (H 2 L) and MOF 1 were synthesized as previously reported [18] . All reagents were sourced from commercial vendors and used as received without further purification. 
Metalation procedures
(a) 1·[Co(H 2 O) 4 ](NO 3 ) 2 (1·Co)
Inductively coupled plasma mass spectrometry
Single crystals of each metalated MOF sample were washed five times in fresh solvent to remove any unreacted metal reagents. The crystals were dried thoroughly under vacuum and soaked in 2% HNO 3 at 65°C overnight, after which the resulting solution was filtered through a 45 µm filter. The solutions were diluted and the quantity of dissolved metal ions determined using an Agilent 7500cs inductively coupled plasma mass spectrometry (ICP-MS) instrument. Three separate samples were analysed on each occasion to obtain an average.
Single-crystal and powder X-ray diffraction data
Full spheres of diffraction data were collected for single crystals mounted on nylon loops in Paratone-N at 100 K on the MX1 beamline of the Australia Synchrotron using the BluIce software interface [19] , λ = 0.71073 Å. N tot reflections were merged to N unique (R int quoted) after a multi-scan absorption correction (proprietary software) and used in the full matrix least-squares refinements on F 2 , N o with F > 4σ (F) being considered 'observed'. Anisotropic displacement parameter forms were refined for the non-hydrogen atoms; hydrogen atoms were treated with a riding model [weights:
Neutral atom complex scattering factors were used; computation used the SHELXL 2014 program [20] . Pertinent results are given in the manuscript and in the electronic supplementary material, table S1. Powder X-ray diffraction (PXRD) data were collected from capillary mounted samples on a Bruker Advance D8 diffractometer using Cu Kα radiation (λ = 1.5418 Å).
Results and discussion
(a) Post-synthetic metalation of 1: background
We recently reported [10, 11, 13] 
Metalation of 1 with transition-metal nitrates
Given the efficacy of 1 as a host for a broad range of metal complexes [10, 11, 13] , we sought to investigate the role of the pore environment surrounding the chelating site in determining the structure of bound complexes. The approximately 13 Å separation between chelation sites along the c-axis ensures that coordinated species are held in isolation, and in an environment which is substantially different from the close-packed structures typically observed in the solid state for discrete metal complexes. Additionally, we hypothesized that the MOF pores, which are typically occupied by disordered solvent molecules, would provide a coordination environment more akin to solution rather than the solid state. Therefore, we reacted single crystals of MOF 1 with a series of first-row transition-metal nitrates (Mn 2+ , Co 2+ , Cu 2+ and Zn 2+ ) using PSMet procedures. The nitrate anion was selected due to the solubility of its derivatives and its ability to act as a monodentate, bidentate or non-coordinating anion. Such diverse coordination modes extend the scope by which the MOF environment can influence the coordination sphere of post-synthetically introduced metal species. We note briefly that analogous reactions with iron salts lead to doping of the Mn 2+ based trimer with Fe 2+ [10] .
Metalation was performed by soaking single crystals of 1 in a solution of the metalation reagent (in excess), generally with heating to moderate temperatures. In the case of 1·Mn and 1·Zn, the reaction was performed in acetonitrile at 60°C overnight, while 1·Cu was synthesized in acetonitrile at room temperature. Metalation with Co(NO 3 ) 2 ·6H 2 O was found to proceed in both ethanol and acetonitrile at 60°C, giving rise to 1·Co and 1·Co-ACN, respectively. Intriguingly, the choice of solvent alters the structure of the incorporated Co 2+ moiety, giving rise to a simple chelated complex in 1·Co (figure 2) and a chelated/free-solvated Co 2+ complex pair in 1·Co-ACN (figure 3) which is discussed in detail below.
The single crystals obtained after PSM were successfully characterized using SCXRD, which revealed the coordination environment of each coordinated metal centre (figure 2). Analysis of the samples by PXRD confirmed retention of crystallinity in the bulk phase after the reactions with excellent agreement between the simulated PXRD patterns derived from the respective singlecrystal structures and those obtained experimentally (see electronic supplementary material). Refinement of the metal site occupancy in the single-crystal X-ray structures indicated varying degrees of metalation (table 1) . To better assess the degree of metalation achieved in the bulk phase, we performed ICP-MS analysis to provide a quantitative measure of the elemental composition of each sample. As 1 contains three Mn 2+ ions per L chelation site, quantitative metalation is expected to result in a 3 : 1 Mn : M ratio. This process excludes 1·Mn from analysis, because chelated Mn 2+ cannot be distinguished from that in the trimer unit using ICP-MS [11] .
The results presented in table 1 indicate that a high degree of metalation is achieved in all cases except 1·Co. The metalation percentage yield determined by ICP-MS for 1·Co is approximately 40% lower than that determined by X-ray crystallography. We suggest a possible reason for this disparity to be the lability of Co(II) complexes, which probably results in significant leeching of cobalt(II) from the coordination site when the sample is washed with fresh solvent prior to ICP-MS sample preparation. directly after synthesis, leeching is minimized and thus the site occupancy determined by X-ray crystallography exceeds that observed by ICP-MS. In the case of 1·Co, leaching is significant after as little as two washes and Co(II) occupancy closely approaches the value reported in table 1 for this species (ICP-MS analysis without washing is precluded as the metalation solution contains a considerable excess of cobalt nitrate that would distort the results). Furthermore, the metalation percentage yields greater than 100% observed for 1·Cu and 1·Co-ACN are attributed to the presence of a secondary guest metal complex which resides in the MOF pore. The structural properties of these guest complexes and their extensive interactions with the respective MOFbound coordinated metal sites are expounded upon below, although we note here that the ICP-MS data largely support the combined site occupancy observed by X-ray crystallography. The coordination environment of each MOF-bound metal complex is displayed in figure 2 . The Mn(II), Co(II) and Zn(II) structures (1·Mn, 1·Co and 1·Zn, respectively) all display an octahedral tetra-aqua ligand environment with an equatorial plane defined by two L nitrogen atoms and two water molecules. A similar tetra-aqua motif is often observed in the solid state when Mn 2+ , Co 2+ and Zn 2+ react with bidentate nitrogen donor ligands [21] [22] [23] , and such complexes tend to display strong hydrogen bond interactions between coordinated water and proximate nitrate anions. We also note that complexes featuring bound nitrate anion(s) are occasionally reported in the literature [24] . In 1·Mn, 1·Co and 1·Zn, disorder of the nitrate anion within the MOF pore prevented its location and refinement, the sole exception being a lone nitrate observed on [29] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . plane defined by the L coordination site, a nitrate anion and N-coordinated acetonitrile. The coordinated axial site is occupied by a monodentate nitrate (Cu-O 2.258(6) Å), while the opposing axial site interacts very weakly with the equatorially bound nitrate anion (Cu-O 2.58(1) Å). The presence of two coordinated nitrate anions and coordinated solvent distinguishes 1·Cu from the other members of the series. However, we note that a similar Cu 2+ coordination environment was reported by Lider et al. [25] from the reaction of bis(4-iodo-3,5-dimethyl-pyrazolyl)methane (bidmp) with copper(II) nitrate. Although the relative position of the solvent and nitrate anions differs between the two materials, this and other similar discrete metal complex structures [26] [27] [28] confirm the MOF-bound copper complex to be in a coordination environment typical for Cu(II). As described above, the pore surrounding the coordinating site in MOF 1 allows movement of non-coordinated nitrate anions, which is reminiscent of the solution state. To determine whether this extends to modifying the coordination sphere, we compared the metal-water bonding parameters in 1·M(NO 3 ) 2 with solid-state and solution-state analogues. Numerous studies employing extended X-ray absorption fine structure (EXAFS) and X-ray absorption spectroscopy (XAS) experiments have been conducted to determine the coordination environment of transitionmetal complexes in aqueous solution [29] [30] [31] [32] . These data have shown that the identity of the anion does not affect the coordination sphere parameters. Of the four transition-metal complexes investigated in our study, Mn 2+ , Co 2+ and Zn 2+ are reported to produce octahedral [M(H 2 O) 6 ] 2+ type structures in solution with M-O bond lengths detailed in table 2. The final member of the series, Cu 2+ , forms a Jahn-Teller distorted complex in solution with equatorial and axial bond lengths of approximately 1.94 and 2.38 Å, respectively [31] . We hypothesized that the isolated chelation sites in MOF 1, which are surrounded by a pore volume capable of housing solvate molecules, would promote the formation of metal complexes which more closely resemble solution-rather than solid-state analogues. Comparison of the M-O bond lengths for metalated 1, solid-state discrete metal complexes (for MO 4 N 2 type solid-state compounds; Cambridge Structural Database (CSD) v. 1.1, accessed 31 March 2016) and hexa-aqua metal complex solution data (table 2) indicates that the complexes in MOF 1 possess a coordination environment that is consistent with both solution-and solid-state examples.
One notable exception to this observation is 1·Cu, which features two coordinated nitrate anions and thereby possesses a structural motif which resembles the typical solid-state complex rather than the aqua complexes which predominate in solution. We postulate this change in the coordination environment to be partly due to the use of acetonitrile as a solvent and the presence of a secondary solvated Cu(II) complex in the MOF pore (see below), with the subsequent reduction in available pore space favouring nitrate coordination. Intriguingly, an analogous MOFbound Co(II) complex formed from a reaction carried out in acetonitrile also features a solvated complex in the MOF pore (see below) and a coordinated nitrate anion. This contrasts with 1·Co (prepared in ethanol), which has a disordered nitrate anion in the MOF pore. Thus, it is evident that the degree of void space available in MOF 1, as dictated by the presence or absence of guest complexes, influences the coordination sphere of L chelated complexes.
Non-framework-bound complexes within MOF 1
Bidentate coordination by the free L coordination site is not the only mode in which metal complexes can be incorporated within MOF 1; the pores can also trap metal complexes at welldefined locations within the framework [11] . The capacity of porous coordination networks to order guest species within their pores has previously been refined and exploited by Inokuma et al. [33] [34] [35] , among others [36] [37] [38] , to facilitate X-ray crystallographic characterization of large guest molecules without the need for direct crystallization of the target compound. In 1·Co-ACN (a derivative of 1·Co prepared in acetonitrile rather than ethanol) and 1·Cu, the frameworkanchored coordinating sites and a confined pore environment combine to encourage the ordering of additional discrete metal complexes in the MOF pores, as described below.
The single-crystal structures of 1·Cu and 1·Co-ACN revealed the presence of a secondary solvated metal complex residing in the MOF pore. In the case of 1·Co-ACN, the octahedral complex lies on the mirror plane between the L chelating site and is situated approximately 4.6 Å below the framework-bound complex when viewed along the crystallographic c-axis (figure 3a). The equatorial plane of this pore-bound Co(II) complex is constituted by four acetonitrile ligands and the complex is capped by a monodentate nitrate anion. A water molecule occupies the final coordination site, interacting with two non-coordinated nitrate anions (figure 3b). In 1·Cu, the pore-bound complex possesses an equatorial plane defined by three water molecules and one monodentate nitrate ligand. The axial position is occupied by acetonitrile, while charge balance is achieved via a nitrate anion residing nearby in the MOF pore (figure 3c). The porebound complex is offset by approximately 2.4 Å from the mirror plane when viewed along the c-axis (figure 3d). Refinement of the metal site occupancy of the pore-bound complexes in 1·Cu and 1·Co-ACN suggested approximately 100% and 50% occupancy by the solvated complexes, respectively, which is consistent with the ICP-MS data obtained. For 1·Co-ACN, this is lower than the occupancy of the coordinated site in the framework and is possibly due to the pores being blocked by excess reagent leading to slower reaction kinetics.
The immobilization of discrete complexes within MOF 1 provides an opportunity to further study the influence of the MOF environment on first-row transition-metal chemistry although, due to the partial occupancy for the Co example, only general structural comparisons will be discussed. Similar [Co(MeCN) 4 (X) 2 ] n+ (where X are additional acetonitrile ligands or an oxygen donor ligand) complexes have been characterized in solution [39] using XAS or the solid state [40, 41] . In the latter instance, the complex [Co(MeCN) 4 (H 2 O) 2 ] 2+ was crystallized as an inclusion complex, with Co-N bond lengths of 2.124 and 2.101 Å that match well with those observed in 1·Co-ACN (Co-N bond lengths 2.071(8) and 2.115(2) Å). Furthermore, the 2.056 Å Co-O water bond length reported by Willey et al. [40] is consistent with that observed in 1·Co-ACN (Co-O bond length 2.03(1) Å), being slightly shorter than reported in typical tetra-aqua solid-state or aqueous hexa-aqua solution complexes. In 1·Cu, the solvated complex possesses relatively short Cu-O aqua bond lengths of 1.963(6), 1.963(5) and 1.981(6) Å, although these are comparable to those observed in solution [31] .
Comparing 1·Co-ACN and 1·Co reveals that the inclusion of a guest metal complex within the MOF pore modifies the framework-bound metal site to include a bidentate chelating nitrate anion in its coordination sphere. While the change in solvent cannot be excluded (ethanol to acetonitrile), the incorporation of a pore-bound complex appears to limit the pore space and favour coordinated as opposed to non-coordinated anions. These confinement effects are also seen in greater ordering of the non-coordinated nitrate anions for both 1·Co-ACN and 1·Cu. In both 1·Cu and 1·Co-ACN, the coordination spheres of the MOF and pore-bound metal species, and adjacent anions, are connected by an extensive network of hydrogen bonding, typical of the well-defined intermolecular interactions between discrete complexes close-packed in the solid state. When the overarching framework of 1 is removed, it is evident that the onedimensional hydrogen-bonded chains that percolate along the c and a axes reflect the pore architecture of 1 (figure 3c). At these high metal loadings, the confining environment within MOF 1 induces additional inter-complex interactions for the Co(II) and Cu(II) complexes. This behaviour contrasts with the 'isolated' complexes observed in 1·Mn and 1·Zn which exhibit minimal defined long-range interactions between complexes, thereby existing in a distinctly different environment from their discrete, solid-state analogues.
Conclusion
We have used a single-crystal to single-crystal PSMet protocol to systematically metalate a microporous MOF with a series of transition-metal nitrates. The transformations were examined using SCXRD, which provided detailed insight into the coordination mode of included metal salt guest species. Manganese(II), cobalt(II) and zinc(II) nitrate salts were found to readily form tetra-aqua(N,N-chelate) chelated complexes with coordination parameters that compare favourably with solid-(MO 4 N 2 motif) and solution-state (hexa-aqua motif) structures. More complex structures featuring secondary solvated and pore-bound Cu(II) or Co(II) complexes were observed when copper(II) or cobalt(II) nitrate were reacted with 1 in acetonitrile. These uncharacteristic pore-bound metal complexes further serve to underline the importance of careful solvent choice and the ability to accurately characterize metalation products following PSMet reactions. The inclusion of a free complex within the void space of 1 was found to induce greater order in non-coordinated nitrate anions (and coordinated ligands), facilitating an improved ability to locate and refine these in the respective X-ray crystal structures. Combined, these results demonstrate further promising attributes of 1 as a candidate for the systematic study of PSMet protocols in MOFs, thereby providing opportunities to closely examine metal coordination chemistry in an environment that intersects that seen in both solution and the solid state.
Data accessibility. The electronic supplementary material contains additional X-ray crystallographic details and powder X-ray diffraction data. CIF data have been deposited with the Cambridge Crystallographic Data Centre, CCDC reference numbers CCDC-1476923-1476927 (1·Cu, 1476923; 1·Zn, 1476924; 1·Mn, 1476925; 1·Co, 1476926; 1·Co-ACN, 1476927).
